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FIG. 1. Basic geometry of the problem: (a) poloidal cross-section of the toka- 
mak with a poloidal divertor; the solid line represents the separatrix, whily 
the broken line represents the outer side of the SOL; the lines AA' and BB 
denote the boundaries of the segment of the SOL shown in (b) and (c); A 
is the SOL thickness near the equatorial plane of the device; also shown in 
this panel is the location of the gas injection points (GIP) for the detached 
regimes (see Section 5 for more detail); (b) blow-up of the segment of the SOL 
with equipotentials coinciding with magnetic surfaces; (c) as (b), but with 
a strongly perturbed potential distribution forming a sequence of convective 
cells. 
in these experiments to the mechanisms mentioned in 
our paper because no dedicated measurements of the 
correlation between the tile structure and the poten- 
tial distribution in the SOL have been made so far. In 
addition, the size of the divertor tiles in the existing 
experiments is somewhat small compared with the 
optimum dimensions derived in the current paper. 
In this paper, we focus on the basic concept and 
identify key issues of the physics and technology 
related to the concept of forced convection. For exper- 
imental implementation, more exhaustive analyses 
would need to be performed of the host of physics 
and technology issues for the specific version of the 
method proposed. 
2. ESTIMATES OF THE 
CONVECTIVE CROSS-FIELD TRANSPORT 
Consider a piece of the poloidal cross-section of 
the SOL about half-way between the X point and 
the upper point of the plasma cross-section (the seg- 
ment AA'-BB' in Fig. l (a ) ) .  In the unperturbed 
state, equipotentials almost coincide with magnetic 
flux surfaces (Fig. l (b)) .  The typical radial poten- 
tial variation across the SOL is of the order of AT,/e. 
What we want to accomplish is to change the equipo- 
tentials in such a way that the familiar structure of 
convection cells (Fig. l(c))  appears. Electric drift tra- 
jectories lie on the surfaces cf, = const, with cf, being 
the plasma potential. Clearly, in order to distort the 
potential structure of Fig. l (b)  in the way shown in 
Fig. l(c),  one has to produce potential variations 
where cf,o is the unperturbed potential distribution, 
with equipotentials of the type shown in Fig. l (b) .  
We denote the smaller dimension of the convection 
cell by a and the larger dimension by b. It  is conve- 
nient to characterize the amplitude of the potential 
perturbations by a dimensionless parameter 
9 e6cf,/Te. (2) 
For ap.0 N AT,/. convective cells are formed for 
9 > ( a / A ) h  (3) 
where A is the SOL thickness near the equatorial 
cross-section of the device. 
Note that a key element in the whole scheme is 
toroidal variation of the potential. Introducing the 
radial variation alone does not change the shape of 
the drift trajectories compared with the ones shown 
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Divertor 
Idea    : induce convective motion in the Scrape-Off Layer 
(SOL) to increase its width and reduce peak heat loads on 
the divertor  
[1] 
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Fig. 1. Schematic diagram of the experimental apparatus in the 
JFT-2M (a) and the poloidal circulation of the biased magnetic 
flux on the poloidal section of the tokamak (b). 
simply given by the particle balance in the parallel and 
perpendicular direction as [7]: 
where D± ,  L and C s are the radial diffusion coefficient, 
the connection length between the stagnation point and one 
of the divertor plates and the ion sound speed, respec- 
tively. When the unidirectional radial particle flow in the 
SOL is induced, the modified SOL width is given by 
Cs t Cs ] + Cs ] (2) 
where c, l is induced perpendicular (radial) particle flow. 
Eq. (2) shows that the unidirectional radial flow strongly 
modifies the SOL width if c± > ( 2 C s D ± / L )  1/2. In the 
conventional divertor biasing, the induced radial flow is 
not large enough to broaden the SOL and divertor plasma 
width since the generated poloidal electric field is usually 
weak [5]. 
There is a more effective convective flow generation 
method, the so called convective cells (CCs) method [8]. 
Since the CCs transverse the magnetic field in the poloidal 
cross section, E ! B convective flow circulates in the CCs. 
Owing to the SOL plasmas circulation, a plasma particle 
has a large radial step size between collision with an ion 
and/or neutral particles when the CCs are larger than the 
ion Larmor radius. Rough estimates show that the perpen- 
dicular electric field about 2 kV/m inside the convective 
cell will modify the SOL transport. As a result, the SOL 
width expands and the radial particle diffusion is expected 
to increase more than the Bohm diffusion. 
The convective cells in the SOL are induced by the 
non-axisymmetric electric potential structure [9-14]. We 
induce the asymmetry of the plasma potential structure in 
the SOL by the local divertor biasing method. In Fig. 1 a 
configuration of the local divertor biasing and a schematic 
view of the induced E ! B convective cells are shown. 
The positive and negative biasing voltage is applied to one 
of the electrically isolated inboard plates, and all the 
outboard divertor plates are grounded. In this configuration 
the divertor current flows helically along the magnetic 
field, and the induced potential profile must be affected 
directly by the helical structure of the tokamak magnetic 
field. The poloidal structure of the induced plasma poten- 
tial in the SOL is obtained using a midplane Langmuir 
probe array by changing the biased plate in the toroidal 
direction shot by shot. 
3. Experimental results 
In JFT-2M, both inboard and outboard poloidal divertor 
plates consist of 14 graphite plates, which are electrically 
isolated and can be biased individually. In the experiment, 
the biasing voltage is applied to neighboring two plates 
among the 14 inboard divertor plates while other plates are 
floating. All the outboard plates are grounded. When the 
local divertor biasing (LDB) is applied, the helical SOL 
current flows from the biased inboard plate to the outboard 
one through the SOL plasma. Fig. 2 shows a toroidal 
distribution of the SOL current flowing into the outboard- 
plates. The magnetic field lines that cross the biased 
inboard plates are numerically traced. As a result, the 
toroidal distribution of the divertor current shown in Fig. 2 
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Fig. 2. Comparison of the helical SOL current toroidal distribution 
on outboard plates. 
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Figure 1 Schematic of the lower divertor, howing the
location of the live (red) and grounded (grey) ribs.
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Abstract
Toroidally asymmetric biasing of divertor components has been explored on MAST as a means of
broadening the target heat flux width to reduce the target power loads.  The results validate many
aspects of a theory which predicts that biasing should generate convective ion motion, with localised
broadening of the heat flux width in the scrape-off layer (SOL) of the divertor region.  A reduction in
peak heat flux at the divertor target of 75% was observed in some of the experiments, concomitant
with a factor 4 increase in heat flux width.  An understanding of the impact of imposing a controlled
electric field on the divertor may also contribute to an improved understanding of SOL turbulance.
Introduction
Toroidally asymmetric biasing of divertor components in a tokamak has been proposed [1, 2] as a
means of broadening the wetted area by imposing local electric fields of toroidally alternating
polarity into the scrape-off layer (SOL) and generating convective cells driven by the changing ExB
drift.  It was shown theoretically that the strong magnetic shear present in the vicinity of an X-point
should confine the effects of biasing to the divertor region, leaving the upstream SOL essentially
unperturbed.  Biasing was thus predicted to have no deleterious impact on, for example, access to the
high confinement H-mode.  This technique has the potential to increase the wetted area, by perhaps a
factor 3 – 5.  If successful it could have applications to both ITER and successor devices, where self-
biasing of divertor components could be accomplished by varying their angle to the local magnetic
field, their material (and hence the secondary emission coefficient) or by localised gas puffing.
Several devices (e.g. TEXTOR, TdeV, DIII-D, Castor) have explored the impact of biasing, however
these experiments usually involved toroidally uniform divertor biasing or the insertion of a biased
probe into the edge of the core plasma.  In most cases, the intention was to explore the effect of
biasing on the core plasma, for example triggering access to H-mode. A very preliminary experiment
to explore asymmetric divertor biasing was successfully carried out on JFT-2M [3] and appeared to
confirm the predictions of theory.  An experimental arrangement to fully test the theory for the first
time and to assess the potential f this technique for divertor power load ameliorati n in future fusion
devices was originally planned for the COMPASS-D tokamak [4].  It has now, however, been
implemented instead on MAST and a series of experiments have been carried out.
2. Divertor biasing in MAST
MAST typically has an asymmetric double-null
divertor configuration in which the outer strike-points
(both upper and lower) fall onto two sets of 12
toroidally discrete, radial graphite ribs mounted
horizontally at the top and bottom of the vessel.  The
inner strike-points fall onto toroidally continuous
graphite armour protecting the vessel centre column.
For the biasing experiments six of the lower divertor
ribs, toroidally separated, were isolated from the vessel
and connected to a power supply capable of providing
up to 5 kA at 120 V (figure 1).  These ‘live’ ribs could
be biased either positively or negatively with respect to the vessel, the remaining ribs were grounded.
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Formation of convective cells during biasing in CASTOR 639
Figure 3. Schematic picture of the poloidal cross section of the CASTOR tokamak showing the
respective position of the biasing electrode, plasma column and the poloidal limiter. The biasing
electrode is located in the additional SOL.
Figure 4. Left—poloidal distribution of the mean floating potential Ufl along the ring in ohmic
(!) and biasing (") phases, as measured in four reproducible discharges with a constant edge
safety factor q(a) ∼ 8. The poloidal position of the biasing electrode is marked by the bar.
Right—poloidal position of five peaks (1–5) versus the edge safety factor, as measured during two
reproducible shots with the current ramping down.
current de reases during th biasing period o the discharge, so that the local safety factor at the
plasma edge increases from q ∼ 7 to q ∼ 10. Th resulting angular position of five potential
peaks (denoted by numbers 1–5) is shown in the right panel of figure 4. The angul difference
between the peak positions decreases as expected. However, the angular positions of the peaks
denoted as 2 and 3 are almost q-independent. These two peaks are the first projections (in
the upstream and downstream direction) of the biasing electrode to the poloidal ring. Indeed,
they cannot be found to be closer than the angular width of the biasing electrode, which is
∼50˚. When the edge q-value would prescribe them to be closer, the smearing out due to the
electrode itself will cause their apparent distance to be larger than or equal to 50˚ anyway. This
can be better understood by looking at the projection of the biased tube on a poloidal plane,
which is schematically depicted in figure 5.
The resulting perpendicular electric field is two-dimensional, having not only a radial,
but also a poloidal component. The amplitude and even the sign of the poloidal electric field
Epol changes with the poloidal angle. A possible consequence of this is the occurrence of a
CASTOR, Stockel et al., PPCF 2005 
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Helical field lines 
Microwaves 
•  Toroidal device: R=1 m, a=0.2 m 
•  Open field lines, ∇B and curvature 
Target plasmas 
ideal interchange regime, k||=0 
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More in Fasoli et al., PPCF 
2010 and references therein 
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Target plasmas 
ideal interchange regime, k||=0 
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Main plasma  
Mode region 
Biasing setup on TORPEX 
6	  
•  Array of 24 electrodes 
•  Each can be biased individually and the current can be 
measured  
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•  Array of 24 electrodes 
•  Each can be biased individually and the current can be 
measured  
Expected ExB flow pattern 
What is in practice the effect of biasing on 
blobs and time-averaged profiles? 
Measurement setup 
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Limiter with 
biasing electrodes 
2D Langmuir 
probe (LP) array 
Vfl, Isat 
Vpl, Vfl, Isat 
Movable 1D LP array  
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Control of blob vertical velocity 
r [m]                                                                  r [m] 
	  
 
	  
z  
[m
] 
	    	   z  
[m
] 
	    	  
Applied bias: +40 V 
Isat [a.u.] 
	  
∼ 
	  
10	  
Control of blob radial velocity 
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Vblob: ≈ 1200 m/s → 2200 m/s 
	  
Effects on time-averaged profiles 
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  Applied bias: +40 V 
δVpl ≡ Vpl(bias on)  
       – Vpl(bias off)  
Effects on time-averaged profiles 
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Bias voltage of +40 V on a 
pair of electrodes produces 
a convective cell 
Effects on time-averaged profiles 
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-  What limits the magnitude 
of δVpl ? 
-  What is its structure along 
B ? 
-  Why is δVpl shifted w.r.t. 
the biased flux tube ? 
Bias voltage of +40 V on a 
pair of electrodes produces 
a convective cell 
Uniformity of convective cell along B 
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Bias applied to 
these electrodes 
Uniformity of convective cell along B 
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Position of δVfl: effect of plasma flows 
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Hypothesis: position 
of δVfl structure 
determined by 
plasma flows 
Position of δVfl: effect of plasma flows 
Confirmation by 
•  reversal of vertical 
ExB flow (B     -B)  
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Position of δVfl: effect of plasma flows 
Confirmation by 
•  reversal of vertical 
ExB flow (B     -B)  
•  displacing the plasma 
radially 
21	  
Hypothesis: position 
of δVfl structure 
determined by 
plasma flows 
Position of δVfl: effect of plasma flows 
Confirmation by 
•  reversal of vertical 
ExB flow (B     -B)  
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Hypothesis: position 
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Magnitude of δVfl: scan of bias potential Vbias 
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Magnitude of δVfl: scan of bias potential Vbias 
Problem not 1D, cross-
field currents important   
•  |Isat  | << Isat 
•  δVfl << Vbias 
•  δVfl ?Ielectr 
ion e- 
Main results 
•  Control of time averaged profiles and blobs using 
toroidal/poloidal asymmetric biasing 
•  Both radial and vertical blob velocities significantly 
modified 
•  Biasing generates a convective cell that 
–  is fairly uniform along B 
–  is shifted w.r.t. the position of the biased flux tube due to 
plasma flows 
–  is limited in magnitude (i.e., δVfl<<Vbias) due to a high 
level of effective cross-field conductivity 
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